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A Radiatively induced Elementary Goldstone Higgs in SU(4)/Sp(4)
A. Meroni
CP3-Origins, University of Southern Denmark,
Campusvej 55, DK-5230 Odense M, Denmark.
Using a SU(4) → Sp(4) pattern of chiral symmetry breaking, we investigate the pseudo-
Goldstone nature of the Higgs boson in an elementary realisation that at the same time
provides an ultraviolet completion. The renormalizability of the model together with the
perturbative corrections determine dynamically the direction of vacuum of the theory and
the corresponding Higgs chiral symmetry breaking scale f ≃ 14 TeV. The Higgs boson is
radiatively generated and the scalar mass spectrum, together with a second massive Higgs
boson, lie in the multi-TeV range.
I. INTRODUCTION
The discovery on the 4th July of 2012, by ATLAS and CMS, of a new boson with a mass
approximately of 125 GeV, decaying into γγ, WW and ZZ bosons [1], is with no doubts crucial in
order to unravel the long standing problem of the origin of the mass.
At the same time, the Standard Model (SM) per se suffers from a number of theoretical and
phenomenological weaknesses, for instance: i) the lack of dynamical motivation for the origin of
the spontaneous symmetry breaking ii) the absence of a mechanism stabilising the electroweak
scale against quantum corrections (the so called hierarchy problem) iii) the absence of absolute
vacuum stability and iv) an explanation of the baryon asymmetry of the universe (BAU).
More importantly, we know that the SM cannot be the ultimate theory, since does not account the
so called “elusive” sector: the neutrinos and dark matter particles are not properly included in
the SM, since we cannot describe their mass.
In connection with this, we still do not have: i) a solution to the flavour puzzle, namely an
explanation of the mass differences in the spectrum and of the quark and lepton mixing patterns,
and ii) we do not have any indication about a possible connection between non zero neutrino
masses and symmetries that could predict the lepton mixing (very different from the quark
mixing). Moreover, the nature of the three light active neutrinos ν j ( j = 1, 2, 3) with definite mass
m j is unknown. Neutrinos can be Dirac fermions if particle interactions conserve some additive
lepton number, e.g., the total lepton charge L = Le + Lµ + Lτ. If ν j are found to be Majorana
fermions, no lepton charge can be conserved [2][3]. The only feasible experiment that can unveil
the nature of massive neutrinos is neutrinoless double beta, (ββ)0νdecay (see e.g. [4] for a review).
An attractive explanation of theMajorana nature of massive neutrinos is provided by the See-Saw
mechanism [5], which not only gives an explanation of the smallness of neutrino masses, through
the existence of heavier fermionic singlets, but also gives a explanation to the observed BAU,
through the leptogenesis theory [6].
Despite the discovery of a new, subatomic particle, at present it is not yet clear if the mechanism
observed in the experiments is the one originally envisioned. Following the symmetry principle
and motivated by the issues of the SM raised above, it is therefore appealing to consider a larger
—unified— symmetry at higher energy scale, embedding the SM one. This hypothesis implies the
existence of a different Higgs sector and this would lead to a complete new phenomenology via
the Yukawa couplings (in particular one expects sizeable effects from the heaviest fermion of the
SM, the top quark) through the interactions with new charged and neutral scalars. Such a scenario
2can be realised by introducing the Higgs boson as a fundamental pseudoNambu-Goldstone boson
(pNGB) of a new theory, which is supposed to be invariant at a scale f ≫ vew, under a global
symmetry G which is spontaneously broken to a stability group H. Models predicting the Higgs
as a pNGB are relevant alternatives to the SM.One can achieve a natural light Higgsmass through
radiative correctionswhich could cause the symmetry breaking (e.g. using theColeman-Weinberg
(CW) prescription [7]) and at the same time explain the origin of mass of the known fermions. In
this case in fact theHiggs is a fundamental particle, like in the SM, but themechanism of symmetry
breaking is completely different. Moreover these models have a very rich phenomenology since
the new scalar degrees of freedom (dof) become accessible in an energy scale that could be covered
by the second three-year LHC run and also by the next collider generation —ILC (ECM . 1TeV),
CLIC (ECM .3 TeV) or a large circular e
+e− collider with ECM . 350 GeV and/or a pp collider with
ECM . 100 TeV.
II. THE MINIMAL MODEL FOR AN ELEMENTARY GOLDSTONE HIGGS: SU(4)→ Sp(4)
Wewill discuss here an Higgs sector embedded into a SU(4)→ Sp(4) pattern of chiral symme-
try breaking [8] firstly introduced for composite dynamics in [9–11]. We identify the Elementary
Goldstone Higgs (EGH) as one of the 5 Goldstone bosons which live in the coset of the sponta-
neously broken global symmetry of the scalar sector. The latter is an enlarged symmetry group
that contains the SUL(2) × SUR(2) (global) chiral symmetry of the SM Higgs sector. In this case,
the most general vacuum of the theory, Eθ, can be expressed as the linear combination [8]
Eθ = cosθEB + sinθEH = −ETθ , (1)
where 0 ≤ θ ≤ π/2 and the two independent vacua EB and EH are defined as
EB =
(
iσ2 0
0 −iσ2
)
, EH =
(
0 1
−1 0
)
. (2)
In the context of Composite (Goldstone) Higgs scenarios, EB (EH) is the vacuum of the theory that
preserves (explicitly breaks) the EW symmetry and therefore can be used to construct Composite
Higgs (Technicolor) models (see [12] for a detailed discussion).
The vacuum Eθ satisfies the relations
SaθEθ + Eθ S
a T
θ = 0, a = 1, . . . , 10 , (3)
where Sa
θ
are the 10 unbroken generators of SU(4), which obey to the symplectic algebra of Sp(4).
After EW symmetry breaking, the vacuum remains invariant under Uem(1). The scalar sector of
the theory strictly depends on the choice of the vacuum Eθ. As we will see in the following, the
alignment angle θ is completely determined by the radiative corrections and the requirement that
the model reproduces the phenomenological success of the Standard Model. This framework is
very different from the composite (Goldstone) Higgs scenario because in that case the different
structure of the radiative corrections induced by the EWand topmass alone prefers the Technicolor
limit rather than the composite Goldstone Higgs realisation.
A. Scalar sector
In the minimal scenario, the scalar sector can be constructed out of the vacuum Eθ, making use
of the two-index antisymmetric irrep M ∼ 6 of SU(4),
M =
[
1
2
(σ + iΘ) +
√
2 (Πi + i Π˜i)X
i
θ
]
Eθ , (4)
3where Xi
θ
(i = 1, . . . , 5) are the broken generators associated to the breaking of SU(4) to Sp(4).
Accordingly, the SU(4) invariant (tree-level) scalar potential with real couplings reads:
VM =
1
2
m2MTr[M
†M] +
(
cMP f (M) + h.c.
)
+
λ
4
Tr[M†M]2
+ λ1Tr[M
†MM†M] − 2
(
λ2P f (M)
2 + h.c
)
+
(
λ3
2
Tr[M†M]P f (M) + h.c.
)
,
(5)
where P f (M) is by definition the Pfaffian of M, i.e. P f (M) = 18 ǫi jklMi jMkl. Note that in absence of
the terms involving P f (M) the potential has a global U(4) symmetry.
Following [13], we choose the vacuum of the theory to be aligned in the σ direction:
〈σ2〉 ≡ f 2 =
cM − m2M
4λ11
, λ11 =
1
4
(λ + λ1 − λ2 − λ3) (6)
where cM > m2M and λ11 is a positive effective coupling. The tree-level scalar potential in eq. (5)
is independent of the parameter θ and therefore the theory at tree-level has an infinite number of
degenerate vacua, of which the solution θ = 0, that is E0 = EB, preserves the EW symmetry.
We identify the fields Π1,2,3 with the longitudinal polarisation of the W and Z gauge bosons,
whereas the EGH is given (at tree-level) byΠ4. Radiative corrections will provide a mass term for
the Higgs boson, which in this case arises as a linear combination of the fluctuations of the σ and
Π4 fields around the vacuum. Further the scalar fields σ,Θ and Π˜i (i = 1, . . . , 5) acquire a non-zero
mass at tree-level given by
m2σ ≡ M2σ , m2Θ ≡ M2Θ , m2Π˜i ≡ M
2
Θ
+ 2λ f f
2 with λf ≡ λ1 − λ2. (7)
Finally, we notice that theΠ5 can acquire mass at tree-level by introducing a small breaking of the
SU(4) symmetry by adding the following operator to the potential in eq. (5)
VDM =
µ2
M
8
Tr [EAM]Tr [EAM]
∗ =
1
2
µ2M
(
Π25 + Π˜
2
5
)
, with EA =
(
iσ2 0
0 iσ2
)
. (8)
As shown in [8], in this case Π5 is a stable massive particle - due to the presence of an accidental
Z2 symmetry - and provides a viable DarkMatter candidate. Accordingly, the full tree-level scalar
potential of the theory is
V = VM + VDM . (9)
The minimum of V is still aligned in the σ direction, but now there are new massive excitations
for µM , 0, that is
m2
Π˜5
≡ M2
Θ
+ 2λ f f
2 + µ2M , m
2
Π5
≡ µ2M . (10)
All in all, once the symmetry breaking scale f is fixed, the scalar sector of the theory can be
described in terms of only five independent parameters: Mσ, MΘ, µM, λ f and λ˜.
B. Gauge sector
We embed the EW gauge sector of the SM in SU(4) so we gauge the SU(2)L ×U(1)Y part of the
chiral symmetry group SU(2)L × SU(2)R ⊂ SU(4). In this way, the scalar degrees of freedom are
minimally coupled to the EW gauge bosons via the covariant derivative of M
DµM = ∂µM − i
(
GµM +M G
T
µ
)
, with Gµ = gW
i
µT
i
L + g
′BµTY , (11)
4where the SU(2)L generators are T
i
L
(i = 1, 2, 3) and the hypercharge generator is TY = T
3
R
. The
kinetic and EW gauge interaction Lagrangian of the scalar sector reads
Lgauge = 1
2
Tr
[
DµM
†DµM
]
, (12)
which explicitly breaks the global SU(4) symmetry. For any non vanishing θ the EW gauge
group breaks spontaneously and the weak gauge bosons acquire non-zero masses through the
Higgs-Brout-Englert mechanism that read
m2W =
1
4
g2 f 2 sin2 θ, and m2Z =
1
4
(g2 + g′2) f 2 sin2 θ . (13)
Comparing these expressions with the corresponding SM predictions we see that f and θ must
satisfy the phenomenological constraint
f sinθ = vEW ≃ 246 GeV . (14)
C. Yukawa sector
We embed each one of the SM fermion families in the fundamental irrep of SU(4), namely
Lα =
(
L, ν˜, ℓ˜
)T
αL
∼ 4, Qi =
(
Q, q˜u, q˜d
)T
i L
∼ 4, (15)
where α = e, µ, τ and i = 1, 2, 3 are generation indices and the tilde indicates the charge conjugate
fields of the RH fermions, that is, for instance, ν˜αL ≡ (ναR)c, ℓ˜αL ≡ (ℓαR)c, LαL ≡ (ναL, ℓαL)T and
similarly for the quark fields. Notice that a RH neutrino ναR for each family must be introduced
in order to define Lα to transform according to the fundamental irrep of SU(4). The Yukawa
couplings for the SM fermions that preserve the SU(2)L gauge symmetry can be written as:
− LYukawa =
Yu
ij√
2
(
QTi Pa Q j
)†
Tr [Pa M] +
Yd
ij√
2
(
QTi Pa Q j
)†
Tr
[
Pa M
]
+
Yν
αβ√
2
(
LTα Pa Lβ
)†
Tr [Pa M] +
Yℓ
αβ√
2
(
LTα Pa Lβ
)†
Tr
[
Pa M
]
+ h.c. (16)
where we make use of SU(4) spurion fields [14] Pa and Pa, with an SU(2)L index a = 1, 2 (for an
explicit representation see [13]).
After EW symmetry breaking, we predict for the SM fermion masses
mF = yF
f sinθ√
2
, (17)
yF being the SM Yukawa coupling of quarks and leptons in the fermion mass basis. Notice,
in particular, that a Dirac mass for neutrinos is generated as well. Further, one can implement
a Type-I See-Saw adding a Majorana mass term for the RH neutrino fields, which provides an
explicit breaking of the SU(4) symmetry, but preserves the EW gauge group.
III. ELECTROWEAK SCALE FROM RADIATIVE CORRECTIONS
Anon-zero mass term for the EGH fieldΠ4 is generated at quantum level from those operators
in the Lagrangian that explicitly break the global symmetry SU(4), i.e. the gauge and Yukawa
5interactions. The one-loop corrections [7] δV(Φ) of the scalar potential V given in (9) takes the
general expression
δV(Φ) =
1
64π2
Str
M4(Φ)
logM
2(Φ)
µ2
0
− C

 + VGB, (18)
where in this case Φ ≡ (σ, Π4) denotes the background scalar fields that we expect to lead to the
correct vacuum alignment of the theory and M(Φ) is the corresponding tree-level mass matrix.
The supertrace, Str, is defined as
Str =
∑
scalars
−2
∑
fermions
+3
∑
vectors
. (19)
and we have C = 3/2 for scalars and fermions and C = 5/6 for the gauge bosons, whereas µ0
is a reference renormalization scale. The terms related to the massless Goldstone bosons are
described by a separate potential, VGB, since these terms lead to infrared divergences due to their
vanishing masses. There are several ways of dealing with this issue, for example adding some
characteristic mass scale as an infrared regulator. However, since the massive scalars give the
dominant contribution to the vacuum structure of the theory, we will simply neglect VGB in the
following discussion.
In terms of the background fields σ and Π4, we can write the first term in eq. (18) as
δV(σ,Π4) = δVEW(σ,Π4) + δVtop(σ,Π4) + δVsc(σ,Π4), with (20)
δVEW(σ,Π4) =
3
1024π2
φ4
2g4
log g
2 φ2
4µ2
0
− 5
6
 + (g2 + g′ 2)2
log (g
2 + g′ 2)φ2
4µ2
0
− 5
6

 , (21)
δVtop(σ,Π4) = − 3
64π2
φ4y4t
log y
2
t φ
2
2µ2
0
− 3
2
 , (22)
where φ ≡ σ sinθ + Π4 cosθ. We consider for simplicity only the fermion contribution in the
one-loop potential arising from the virtual top quark. Notice that both δVEW and δVtop introduce
an explicit dependence on θ in the full scalar potential of the theory.
The quantum correction originated from the scalar sector reads
δVsc(σ,Π4) =
1
64π2
[
−3
2
(
m4σ(σ,Π4) +m
4
Θ
(σ,Π4) +m
4
Π˜i
(σ,Π4) +m
4
Π˜5
(σ,Π4) +m
4
Π5
(σ,Π4)
)
+m4σ(σ,Π4) log
m
2
σ(σ,Π4)
µ2
0
 +m4Θ(σ,Π4) log
m
2
Θ
(σ,Π4)
µ2
0

+4m4
Π˜i
(σ,Π4) log

m2
Π˜i
(σ,Π4)
µ2
0
 +m4Π˜5(σ,Π4) log

m2
Π˜5
(σ,Π4)
µ2
0

+m4
Π5
(σ,Π4) log

m2
Π5
(σ,Π4)
µ2
0

 ,
(23)
where the background dependent masses of the scalar fields are
m2σ(σ,Π4) =
1
2 f 2
M2σ
(
3σ2 +Π24 − f 2
)
, m2
Θ
(σ,Π4) = M
2
Θ
+ λ˜
(
Π24 + σ
2 − f 2
)
,
m2
Π˜i
(σ,Π4) = M
2
Θ
+ λ˜
(
Π24 + σ
2 − f 2
)
+ 2λ f
(
Π24 + σ
2
)
,
m2
Π˜5
(σ,Π4) = m
2
Θ
(σ,Π4) + µ
2
M + 2λ f (Π
2
4 + σ
2) ,
m2
Π5
(σ,Π4) =
1
2 f 2
M2σ
(
σ2 +Π24 − f 2
)
+ µ2M .
(24)
6Notice that these expressions reduce to the tree-level scalar masses (7) and (10) when we evaluate
them for 〈Φ〉 = ( f, 0).
The minimization procedure of the full potential (tree-level plus corrections) is fully described
elsewhere [8] [13]. Here we just want to notice that the we fix the scale µ0 in such a way that the
quantum corrected potential has still an extremum in the σ direction and only after we apply the
usual minimization condition on the parameter θ. Of particular importance for the determination
of θ are the opposite signs of the different one loop fermionic and gauge boson contributions.
IV. A MINIMAL PHENOMENOLOGICAL EXAMPLE
According to the discussion reported in the previous sections, the set of parameters that fully
describes the scalar sector of the theory is the following: { f, θ, Mσ, MΘ, µM, λ˜, λ f }. We will
discuss here a simplified scenario with mass spectrum:
Mσ = MΘ ≡ MS , λ f = 0 (25)
Before showing the phenomenological implications of this choice let us remark that in the model
under study the Higgs is one of the two linear combinations of σ and Π4, that is(
σ
Π4
)
=
(
cosα − sinα
sinα cosα
) (
H1
H2
)
, (26)
where H1 and H2 are the mass eigenstates and α the mixing angle, chosen in the interval [0, π/2].
The observed Higgs boson will be the lightest eigenstate. Relevant constraints are provided by
the Higgs phenomenology, starting from the experimental value of the Higgs mass [15]:
mh = 125.7 ± 0.4 GeV . (27)
and the SM normalised coupling strength of the Higgs with fermions and vectors:
CF ≡
λH1[2]FF
λSM
hFF
= sin (α + θ) [cos (α + θ)] , CV ≡
λH1[2]VV
λSM
hVV
= sin (α + θ) [cos (α + θ)] , (28)
where λSM
hFF
≡ yF/
√
2 is the SM coupling and the index between square brackets refers to H2.
The parameters CF and CV must satisfy the experimental constraints [16] CV = 1.01+0.07−0.07, CF =
0.89+0.14−0.13 at 68% C.L.. Last, we investigate also the trilinear self-coupling ofH1 and H2with respect
to the SM prediction, λSM
hhh
= 3m2
h
/vEW. In this case, we have [8]
λH1H1H1
λSM
hhh
= vEW
M2σ cosα
f m2
h
,
λH2H2H2
λSM
hhh
= vEW
M2σ sinα
f m2
h
. (29)
V. NUMERICAL RESULTS AND CONCLUSIONS
In the following we assume yt = 1, a 3σ uncertainty on the value of the Higgs mass and
use the central values of the weak gauge boson masses given in [15]. Moreover, we impose the
perturbativity bound on the effective quartic coupling λ˜, i.e. |λ˜| < 4π and we set the parameter
µM to lie in the interval [mh, 1] TeV with the additional constraint µM < f . The latter ensures that
µM introduces only a small explicit breaking of the global SU(4) symmetry. In the minimal setup
we investigate, we vary the common scalar mass MS in the interval
mh ≤ MS ≤ 5 TeV . (30)
7For each random value of MS and µM, we select the other parameters of the model imposing the
experimental value of the Higgs mass and the minimisation conditions of the Coleman-Weinberg
potential. In this way we extract the values of the effective quartic coupling λ˜ and the vacuum
alignment angle θ, which are, therefore, implicit functions of the dimensional parameters MS and
µM. Using this procedure we find that the mode of the distribution of the values of θ is
θ = 0.136+0.006−0.012 , (31)
corresponding to α = 1.57 and the SU(4) spontaneous symmetry breaking scale of 1
f = 1.81+0.08−0.15 TeV . (32)
Notice that, for a given θ the scalar mixing angle α is essentially determined by imposing the
experimental constraints onCV and CF. The analysis done in [13] shows that the dynamics prefers
small values of θ implying that the Higgs boson is mostly aligned in the Π4, the pNGB direction.
Further, from the minimisation condition we find to a very good approximation
λ˜ ≈ K sin2 θ for sinθ . 0.1 , (33)
where K depends on MS and not on µM (for MS ≈ 2.6 GeV, K ≈ 90). Henceforth, for sinθ . 0.1 the
only independent parameter is the tree-level scalar mass MS, which is fixed by the knowledge of
the Higgs mass via
m2h ≈
9
16π2 v2
EW
M4Z log
M
2
Z
M2
S
 + M4W log
M
4
W
M4
S
 − v4EW
23 + log
 v
2
EW
2M2
S


 . (34)
For mh = 125 GeV and vEW = 246 GeV the previous expression implies
MS ≈ 2.6 TeV for sinθ . 0.1 . (35)
We turn now to the properties of the heaviest scalar mass eigenstate defined in eq. (26), which
here corresponds to H ≡ H2 ∼ σ. We find that [13] the physical mass MH and the tree-level mass
MS are close to each other once the quantum corrections are taken into account with the difference
due mostly to the effects of µM. The mass of the heavy Higgs H also affects the ratio between
the trilinear Higgs coupling λhhh and the corresponding SM, see eq. (29). As expected from the
analytic expression, there is a strong suppression for θ . 0.1 corresponding to 2.6 TeV . MH . 3
TeV.
Finally we consider the most general possible spectrum of the theory, that is Mσ , MΘ , MΠ˜i .
The parameters used in the analysis are λ˜, λ f , Mσ, MΘ, µM and sinθ. As in the previous cases, we
generate the scalar masses and extract the values of θ and λ˜ that satisfy all the phenomenological
constraints. In particular, the scalar masses are varied within the interval
mh ≤ Mσ , MΘ ,MΠ˜i ≤ 5 TeV . (36)
We find out that a scalar mixing angle of α = 1.570 and the mode of the distribution of the SU(4)
breaking scale is
f = 13.9+2.9−2.1 TeV, (37)
1 In the following we define the mode as the value that appears most often in a set of data. We report the error on the
mode as the width evaluated at half of the mode hight. The error on the scale f of the theory is computed with the
standard propagation of errors.
8corresponding to a mode value for the alignment angle of θ = 0.018+0.004−0.003. We deduce therefore
that also in the most general scenario the Higgs particle is mostly a pNGB. Concluding, we
have shown via a detailed analytical and numerical analyses that, a radiatively induced pNGB
Higgs is possible in the SU(4)/Sp(4) context. The embedding of the electroweak gauge sector is
parametrised by an angle 0 ≤ θ ≤ π/2 which is dynamically determined to be centered around
θ ≃ 0.02, corresponding to the Higgs chiral symmetry breaking scale f ≃ 14 TeV. This is almost 60
times higher than the SM electroweak scale. Due to the perturbative nature of the theory the new
scalars remain in the few TeV energy range.
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